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ABSTRACT 

 

Primary brain calcification (PBC), also known as idiopathic brain calcification 

or Fahr's disease, is a rare neurological condition that is characterized by calcium 

phosphate deposits in the basal ganglia and adjacent areas, movement disorders, 

headache and neuropsychiatric symptoms. It presents autosomic dominant inheritance 

and it is associated with two inorganic phosphate transporter coding genes: SLC20A2 

and XPR1. Two other genes related to the blood-brain barrier maintenance and integrity 

are also linked to PBC, the platelet-derived growth factor-β and its receptor (PDGFB 

and PDGFRB), although their roles in the formation mechanism of the calcifications is 

not clear yet. For this study, besides the four genes above mentioned, other members of 

the platelet-derived grown factor family (PDGFA, PDGFRA, PDGFC and PDGFD) 

have also been selected as candidate genes, for which new primer pairs were designed. 

All genes above were screened for new variants by Sanger sequencing in fifteen 

Brazilian unrelated patients with brain calcifications. Sequence in silico analysis was 

performed using CLC Main Workbench 6.9 software and online tools available in NCBI 

and GOLDENPATH platforms, resulting in the identification of the first de novo 

SLC20A2 mutation in a patient diagnosed with PBC (NM_006749.4:c.1158C>G; 

NP_006740.1:p.Y386*). SLC20A2 is to-date the main gene associated with PBC, with 

affecting-variants observed in ~50% cases.  In order to find SLC20A2 deletions and/or 

duplications not detected by sequencing, all Brazilian probands were screened by 

QMPSF (Quantitative Multiplex PCR of Short fluorescent Fragments) and a duplication 

of the terminal exon was found in a patient with brain calcifications and 

hyperparatiroidism. Simultaneously, twenty-four French unrelated patients with PBC 

were also analyzed by QMPSF and partial SLC20A2 deletions were detected in four 

patients: two with deletion of the exon 2, where the start codon is located; one with 

deletion of the exon 4; and one with deletion of exons 4 and 5. These results reinforce 

SLC20A2 role as the main gene associated to PBC, as well as demonstrate that copy 

number variation analyses, even when revealing only partial deletions or duplications of  

a gene, are complementary to sequencing and work side by side in the search of genetic 

variations involved in this disease.  

 

Key-words: primary brain calcifications, Fahr's disease, sequencing, selection of 

candidate genes, inorganic phosphate. 



 

 

RESUMO 

 

Introdução: A calcificação cerebral primária (CCP), também conhecida como 

calcificação idiopática dos núcleos da base ou doença de Fahr, é uma condição 

neurológica caracterizada por depósitos de fosfato de cálcio dos núcleos da base e 

região de entorno, parkinsonismo e sintomas neuropsiquiátricos. Apresenta herança 

autossômica dominante e é associada a dois genes codificantes de transportadores de 

fosfato inorgânico: o SLC20A2 e o XPR1. Dois outros genes relacionados à manutenção 

e à integridade da barreira hemato-encefálica, o fator de crescimento plaquetário B e seu 

receptor (PDGFB e PDGFRB), também foram associados à CCP, embora seus papeis 

no mecanismo de formação das calcificações ainda não estejam claros. Materiais e 

Métodos: Além dos quatro genes acima, foram selecionados como candidatos outros 

genes da família dos fatores de crescimento plaquetário (PDGFA, PDGFRA, PDGFC e 

PDGFD) e das protocaderinas (PCDH12), para os quais foram confeccionados pares de 

primers utilizados no seu sequenciamento e para análise de variação de número de 

cópia. Resultados e Discussão: Quinze famílias brasileiras com CCP foram triadas para 

novas variantes nos genes candidatos por sequenciamento. A análise in silico do 

sequenciamento foi feita através do software CLC Combined Workbench versão 6.9 e 

das ferramentas disponíveis nas plataformas online do NCBI e do GOLDENPATH. A 

partir dessa análise, foi identificada em um probando a primeira mutação de novo do 

SLC20A2, o principal gene associado a CCP (NM_006749.4:c.1158C>G; 

NP_006740.1:p.Y386*). A fim de encontrar deleções e/ou duplicações do SLC20A2 não 

detectadas por sequenciamento, todos os probandos brasileiros com calcificações 

cerebrais foram triados através da técnica de QMPSF (do inglês, Quantitative Multiplex 

PCR of Short fluorescent Fragments). Foi encontrada uma duplicação do exon terminal 

do mesmo gene em um paciente brasileiro com calcificações cerebrais e 

hiperparatireoidismo. Simultaneamente, foram identificadas deleções parciais no 

mesmo gene em quatro famílias francesas com CCP. Conclusões: Esses resultados 

reafirmam o SLC20A2 como o principal gene associado a CCP, bem como demonstram 

que análises de variação de número de cópia (CNV), ainda que parciais, são 

complementares ao sequenciamento na busca por variantes genéticas relacionadas a esta 

doença. 

 

Palavras chaves: Calcificações cerebrais primárias, Doença de Fahr, Sequenciamento, 

Seleção de Genes Candidatos, Fosfato inorgânico. 

  



SUMÁRIO 

1 INTRODUCTION ........................................................................................................... 9 

1.1 PROBLEMATIZATION ................................................................................................. 9 

1.2 OBJECTIVES ............................................................................................................... 10 

1.2.1 General objective .................................................................................................... 10 

1.2.2 Specific objectives ................................................................................................... 10 

1.3 BIBLIOGRAPHIC REVIEW ........................................................................................ 11 

1.4 MATERIAL AND METHODS ..................................................................................... 35 

1.4.1 Patients and Samples .............................................................................................. 35 

1.4.2 DNA Extraction ...................................................................................................... 35 

1.4.2.1 Salting-out DNA extraction .................................................................................... 35 

1.4.3 Sanger Sequencing .................................................................................................. 36 

1.4.4 Quantitative Multiplex PCR of Short fluorecent Fragments - QMPSF ............... 37 

2 ARTICLE PUBLISHED IN THE JOURNAL OF MOLECULAR 

NEUROSCIENCE ............................................................................................................. 39 

3 ARTICLE PUBLISHED IN THE EUROPEAN JOURNAL OF HUMAN 

GENETICS ........................................................................................................................ 44 

4 ARTICLE PUBLISHED IN THE JOURNAL NEUROLOGY: GENETICS ............. 50 

5 GENERAL RESULTS AND DISCUSSION................................................................. 56 

5.1 SEQUENCING OF PBC CANDIDATE GENES .......................................................... 56 

5.2 SLC20A2 QMPSF ......................................................................................................... 58 

6 CONCLUSIONS............................................................................................................ 64 

REFERÊNCIAS ................................................................................................................. 65 

 

 



9 
 

 

1. INTRODUCTION 

Primary Brain Calcification (PBC), also known as Fahr’s Disease, is a rare 

condition characterized by bilateral calcifications in the Brain with an autosomal 

dominant pattern of heritance. According to Legati et al. (2015), "PFBC symptoms 

typically occur after the age of 40, with progressive neuropsychiatric and movement 

disorders, although some individuals may remain asymptomatic." Several publications 

have reported mutations at the SLC20A2 gene, which seems to be responsible for ~50% 

of the families with this disease. This gene encodes for an inorganic phosphate 

transporter (PiT-2), a transmembrane protein with varied expression in several tissues, 

that performs a housekeeping function in Pi homeostasis. Recently, PBC was also 

associated to another inorganic phosphate transporter coding gene, XPR1, which is the 

first inorganic phosphate exporter to be reported in metazoans. The other two PBC 

genes are PDGFβ and its receptor PDGFRβ, both involved in the maintenance of the 

blood-brain barrier. 

With the intention to avoid redundancies and thereby make the reading 

experience of this thesis more fluid, the structure of the manuscript here presented was 

elaborated in order to integrate the doctorate candidate's published scientific production 

with the remaining results found during this work.  

The bibliographic review was replaced by the author's published book chapter 

"An update on Primary Familial Brain Calcification" of International Review of 

Neurobiology's special volume 110: "Metal Related Neurodegenerative Disease". The 

following section, "Material and Methods", presents the mostly used experimental 

procedures which were not described in later sections correspondent to a scientific 

article. Next in order, there are sections of the respective three published scientific 

articles and the section "General Results and Discussion", where results that have not 

already been published or submitted to publication are discussed, followed by a final 

"Conclusions" section. 

1.1. PROBLEMATIZATION 

 It is estimated that approximately 1% of computed tomography (CT) scans 

present signals of calcium phosphate deposits in the basal ganglia region, including 

physiological calcifications consequential to ageing observed in older patients. 
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However, when found in individuals younger than 40 years old, basal ganglia 

calcifications are usually considered pathological and it is imperative to determine its 

cause. Usually the diagnosis is done by exclusion, which has been challenging because 

the neuroimaging finding is frequently associated with heterogeneous symptoms whose 

could be secondary to a number of conditions, such as infections, hormonal disorders 

and neurodegenerative syndromes.  

 When apparently no previous condition can be identified, the calcifications are 

considered idiopathic or primary. Since 2012, four genes have been associated with 

primary brain calcifications (PBCs), allowing faster and more accurate diagnosis by 

genetic screening and giving support to elucidate the molecular mechanisms of 

calcification formation. The analyses performed in this thesis can aid the diagnosis of 

patients not only by the screening of this four genes, but also by the possible 

identification of PBC new candidate genes. Moreover, a better comprehension of the 

genetic and molecular bases of PBC is fundamental for the future development of new 

treatments for this disease. 

1.2. OBJECTIVES 

1.2.1. General objective 

 To identify the genetic bases of PBC and to screen candidate genetic variants by 

sequencing analyses. 

1.2.2. Specific objectives 

 To screen by Sanger sequencing variants of the PBC-associated genes SLC20A2, 

XPR1, PDGFB and PDGFRB in genomic DNA samples of Brazilian patients 

with brain calcifications; 

 To search by Sanger sequencing new candidate genes, mainly the other members 

of the platelet-derived growth factor family, PDGFRA, PDGFA, PDGFC and 

PDGFD, as well as PCDH12; 

 To verify, by bioinformatic prediction tools, the biological consequences of 

variants found by sequencing; 

 To validate the detected mutations which are rare or new and which have been 

predicted by bioinformatic as affecting gene function. 
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1.3. BIBLIOGRAPHIC REVIEW 

Chapter: "An Update on Primary Familial Brain Calcification". In: International Review 

of Neurobiology, vol. 110 - Metal Related Neurodegenerative Disease, p. 349-371, 

2013. doi: 10.1016/B978-0-12-410502-7.00015-6. 
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1.4. MATERIAL AND METHODS 

1.4.1. Patients and Samples 

 Probands previously investigated with full blood and urine screening as well as 

with bilateral brain calcifications in the region of the basal ganglia observed by 

neuroimaging analysis were selected for this study. Each patient signed a informed 

consent and had peripherial blood samples colected. This work was approved by the 

UFPE Ethics Committee (CAAE-0296.0.172.000-08 and CAAE -

09475912.8.00005208). 

1.4.2. DNA Extraction 

 Genomic DNA was extracted by salting-out protocol according to Miller et al. 

(1988), with modifications described below, or with Wizard® Genomic DNA 

Purification Kit (Promega) or with FlexiGene DNA Kit (Qiagen) following 

manufactors' instructions. The DNA concentration and purity was obtained by 

measuring the absorbance at 260 nm with a NanoDrop® (Thermo Scientific) 

spectrophotometer. DNA aliquotes were diluted to 30 ng/uL or 100 ng/uL.  

1.4.2.1. Salting-out DNA extraction 

a) 10mL of anticoagulated blood (colected in EDTA tubes) were mixed by 

inversion until homogenization and transferred to a 50 polypropylene tube. 

b) Add 35mL of 1 x Blood Lysis Buffer (see preparation of stock solutions below), 

mix vigourosly and then rest in ice for 30 min to lysate red blood cells. 

c) Centrifuge at 1.800 rpm for 15 min and discard supernatant. Add 10mL of 1 x 

Blood Lysis Buffer, centrifuge at 1.800 rpm for 5 min and discard the 

supernatant again. You will obtain a pellet of white blood cells. 

d) Resuspend the leukocytes pellet in 3 mL of 1 x Nuclei Lysis Buffer and mix 

well. 

e) Add 100 µL of protease K (20 mg/mL) and 300 µL of 10% SDS. Mix carefully 

and then incubate at 65ºC for 1 hour. 

f) Add 1 mL of 6M NaCl and vortex for15 seconds. 

g) Centrifuge for 2.500 rpm for 20 min.  
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h) Transfer supernatant to a new 50 mL polypropylene tube and precipitate the 

DNA adding 2x volume of 100% ethanol.  

i) Collect precipitated DNA cloud with a glass capillar or a plastic micropipet tip.  

Transfer the DNA to a 1,5 mL microtube and wash it with 1 mL of 70% ethanol. 

j) Centrifuge at 12.000 rpm for 5 min, discard the supernatant and let the DNA 

pellet dry at room temperature for 30. 

k) Resuspend the DNA in 200-500 µL of TE buffer and incubate at 65 ºC for 30 

min to eliminate DNase contamination. Stock at -20 ºC. 

l) Stock Solutions: 

i. 10 x Blood Lysis Buffer 

1550 mM NH4Cl 

100 mM KHCO3 

10 mM EDTA (pH 7.4) 

 

ii. 10 x Nuclei Lysis Buffer 

100 mM Tris-HCl (pH 8.0) 

4 M NaCl 

20 mM EDTA (pH 8.2) 

iii. TE Buffer 

10 mM Tris-HCl (pH 8.0) 

1 mM EDTA 

 

1.4.3. Sanger Sequencing 

 The screening of genetic variants was obtained by PCR amplification followed 

by Sanger sequencing of the coding sequence of each selected gene, using cycle 

conditions previously described by Wang et al. (2012).  

 The four associated genes SLC20A2 (Wang et al., 2012), PDGFRB (Nicolas et 

al., 2013), PDGFB (Keller et al., 2013) and XPR1 (Legati et al., 2015) were analyzed, 

as well as candidate genes from the PDGF family ‒ according to Hoch et al. (2003): 

PDGFA, PDGFRA, PDGFC and PDGFD ‒ and PCDH12. For the first group, primer 

pair sequences were available in the literature
 
cited above. For the second group, primer 

pairs were designed with Primer3 online software. Generally, each primer pair gives an 

amplicon correspondent to a coding exon. 



37 
 

 Every reference sequence variation found by sequencing was annotated in our 

internal database and then searched in online databases dbSNP, Exome Variant Server, 

and Ensembl, or in Alamut Visual (Interactive Biosoftware) software when available. 

Known mutations generally had information regarding to minor allele frequency (MAF) 

available. In this case, only rare variants (MAF <2%) were considered as candidates. 

 In order to verify possible alterations in gene function, the variants were run by 

online bioinformatic prediction tools MutationTaster2, PolyPhen2 and SIFT. 

1.4.4. Quantitative Multiplex PCR of Short fluorecent Fragments - QMPSF 

 The design and optimization of the SLC20A2 QMPSF reaction was performed 

by Joana FERREIRA and by Stéphanie DAVID (Inserm U1079, Roeuen, France). 

Then, Stéphanie DAVID screened the French PBC cohort (see section 9 for more 

details), while Joana FERREIRA was responsible for the screening of the Brazilian 

patients with brain calcifications.  

 A total of 14 primer pairs were designed for SLC20A2 QMPSF reaction (see 

section 9 for primer sequences). In order to avoid unwanted primer interactions, a 

careful primer design is fundamental for QMPSF. PrimerPremier (Biosoft) was utilized  

to design primer pairs for each SLC20A2 exon, as well as for an exon of HMBS control 

gene. The following parameters were regarded: amplicon's size should range between 

100-300 bp with a difference of at least 10 bp among each one, and primers' annealing 

temperature should be 58-62 ºC (approximately 60 ºC). PrimerPremier tool "Multiplex 

PCR" was utilized to predict primer interactions, as the formation of homodimers, 

heterodimers and hairpins. Only primers with entalpy ΔG > -10 kcal/mol were selected. 

Primer sequences were checked for absence of known variants with both SNPcheck and 

Alamut Visual (Interactive Biosoft) softwares. The sequences were also analyzed by 

BLASTN using "Human Genome (GRCh38.p2 reference assembly top-level)" and 

"megablast (highly similar sequences" parameters; only primers with e-value <0.2 were 

accepted. All foward primers were labeled with FAM fluorescent dye. 

 The QMPSF reaction was optimized not only  by a temperature gradient to 

experimentally confirm that 60 ºC was the best annealing temperature, as well as 

verifying which were the exponential/quantitative phase cycles. After QMPSF, the 

ROX-labeled molecular size marker (GS-400 HD) and formamide were added to the 

reaction of each DNA sample, which were denatured by 2,5 min at 95 ºC. The reaction 
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plate was then read by an ABI 3100 instrument under fragment analysis parameters 

(GeneScan). The electropherogram obtained for each patient is superimposed to the 

electropherogram of a control DNA, and the peak of HMBS control gene is aligned 

between patient and control DNA. For analysis details see Charbonnier et al. (2000). 

 

 

Figure 1. QMPSF schematic representation. Multiple DNA targets are amplified by FAM-labeled primer 

pairs used under quantitative conditions. 

 

Source: Adapted from Feuk et al. (2006). 
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5. GENERAL RESULTS AND DISCUSSION 

5.1. SEQUENCING OF PBC CANDIDATE GENES 

 The coding region of the four genes associated with PBC was sequenced in 15 

Brazilian patients (6 male and 9 female). This comprises SLC20A2 exons 2 to 11 

(NM_006749.4, MIM:158378), XPR1 exons 1 to 15 (NM_004736.3, MIM:605237), 

PDGFB exons 1 to 6 (NM_002608.2, MIM:190040) and PDGFRB exons 2 to 23 

(NM_002609.3, MIM:173410). The whole set of coding reference sequence variants 

found by this work is resumed in Table 1. 

 Regarding these genes, only one novel variant was found, which was the first 

SLC20A2 de novo mutation confirmed in a patient with brain calcifications, migraine 

and hypovitaminosis D (NM_006749.4:c.1158C>G, NP_006740.1: p.Y386*; for details 

of this case please see Ferreira et al. 2014 at section 7 of this thesis). This non-sense 

variation codes a premature stop codon (PTC), resulting in a putative truncated protein 

with 385 amino acids instead of 652. At the time of this finding, we suggested that the 

hypovitaminosis D was most likely a comorbidity because this condition has not been 

observed in previous PBC patients with SLC20A2 variants, and that occasional future 

reports might enlighten this question. In fact, another non-sense mutation in the same 

position (NM_006749.4:c.1158C>A, NP_006740.1: p.Y386*) was found in two 

unrelated French PBC patients in 2015, both with normal vitamin D levels and at least 

one of them with migraine (Gaël NICOLAS, personal communication), thus enforcing 

the comorbidity aspect of the hypovitaminosis D in the Brazilian patient.  

 SLC20A2 coding region and exon/intron boundaries showed the least number of 

variation among all eight genes screened. Besides the de novo nonsense mutation above 

mentioned, only three other mutations were observed, each in a different patient: a 

synonymous mutation in exon 3 (c.345G>A, p.T115, rs34124953),  an intronic mutation 

between exons 5 and 6 (c.614-93G>A, rs188779206), and a missense mutation in exon 

7 (c.910G>A, p.Gly304Ser, rs73675069). Although there is no MAF available for the 

intronic variant, both coding variants have a MAF of ~5%, which is higher than the 

cutoff for rare variants and corresponds to a polymorphism frequency. These three 

variants have been predicted in general as having no effect in SLC20A2 function by 

Provean, SIFT, PolyPhen2 and/or MutationTaster2 (MT) online prediction tools.  
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 Surprisingly, only the synonymous mutation in exon 3 had a controversial 

prediction as disease-causing by MutationTaster2 while PolyPhen2 and Provean/SIFT 

considered it as benign and tolerated, respectively. This contradiction might be due to 

MT has been designed specifically to aid the identification of rare variants with severe 

impact, and it is more stringent than the other tools when it automatically assigns a 

specific model by mutation type
9
. There is one prediction model specific for intronic 

and synonymous mutations, one for single amino acid changes and one for complex 

amino acid alterations such as mutations introducing a premature stop codon. When the 

four above-mentioned online tools were compared regarding single amino acid changes, 

MT was shown to be the most accurate
 
according to Schwarz et al. (2014). MT is also 

presents higher sensitivity then specificity, which means that it generally rather risk 

false positives than miss any true positives.  

 For XPR1 gene, on the other hand, variants were detected in all 8 screened 

patients ‒ the others had already been analyzed and excluded for XPR1 mutations by 

Legati et al. (2015). Three patients presented one different synonymous mutations each: 

one in exon 4 (NM_004736.3:c.408T>C, NP_004727.2:p.Ser136, rs12078050), one in 

exon   9 (c.1128A>G, p.Lys376, rs35706835), and one in exon 10 (c.1158C>T, 

p.Phe386, rs61742073). All were predicted to be polymorphic and to have no effects in 

function. The majority of the variants were intronic, and although some were predicted 

to change splicing site, none was predicted as disease-causing and most were 

polymorphisms with MAF above the 2% cutoff. 

 Regarding de platelet-derived growth factor family, the receptors' genes 

presented more coding variants predicted to be polymorphisms than the binding-factors' 

genes. Both the PBC-associated PDGFRB and its homologue PDGFRA presented 

numerous synonymous and missense mutations shared among two or more patients, 

reflecting the high MAF of these variants. Among the binding-factors, the PBC-

associated PDGFB was the most conserved with no coding mutations detected and 

presented only four intronic, non-affecting variants with high MAF observed in most 

patients. PDGFA presented three intronic variants with the same characteristics, and 

only two patients bearing one coding, synonymous variant (NM_002607.5:c.207T>C; 

NP_002598.4:p.His69, rs1129401) with a high MAF of ~25%. For PDGFC, only two 

variants were found, one synonymous (NM_016205.2: c.1032A>G, 

NP_057289.1:p.Gly344, rs3815861) observed in four patients and an intronic detected 

in only one patient, both with high MAF and non-affecting predictions.  
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 PDGFD was the less conserved among the three binding-factors' genes. The 

sequencing of the 14 patients revealed three coding variants located in the terminal exon 

7 and seven intronic mutations dispersed through exons 2, 4, 5 and 7. The synonymous 

polymorphism (NM_025208.4:c.1080T>C, NP_079484.1:p.Cys360, rs10791649) 

reflected its MAF of 47% and was observed in 8 patients. One missense mutation, in the 

exon 4, was detected in one patient (c.568A>G, p.Ile190Val, rs35045740) and had a 

MAF of 3%. However, the other missense variant, located in the terminal exon 7 

(c.1081G>A, p.Asp361Asn, rs146343067), also detected in only one patient, had no 

MAF available in the online databases and was predicted as affecting gene function: 

disease causing by MT, and problably or possibly damaging by PolyPhen2 (HumVar 

and HumDiv algorithms, respectively). According to Hoch et al. (2003), the PDGF-D 

peptide only forms homodimers PDGF-DD and only binds to a receptor with a PDGFR-

β unity, either the homodimer PDGFR-ββ or the heterodimer PDGFR-αβ. In fact, 

Bergsten et al. (2001) affirmed that PDGF-DD homodimer needs the formation of four 

disulfide bonds, one of them envolves cysteine in position 362.
 
The amino acid change 

in position 361 resultant from this variation might cause the lost of this disulfide bond 

and affect negatively PDGF-DD function, as predicted by MT analysis. 

 Interestingly, the patient bearing this variation differed of the others in 

presenting no other mutation in the PDGFD coding region. Consistently, PDGFRB 

gene sequence in this patient presented few variants: two synonymous (rs246395 and 

rs246388) and one intronic (rs246391) polymorphisms, all with MAF >20%. The fact 

that PDGFD final product interacts only with the final product of a PBC-associated 

gene might point to a possible role in brain calcification formation.   

 Primary brain calcifications seems to segregate by the patient's mother family 

side. Not only his mother has CT scan positive for calcifications in the basal ganglia, 

but also one male and one female cousins as well as an aunt. Sequencing the region of 

this mutation in the family is needed in order to confirm or not the role of PDGFD in 

the formation of PBC. 

5.2. SLC20A2 QMPSF  

 QMPSF is a method very sensitive in the detection of duplications and deletions, 

based on the simultaneous amplification of multiple DNA fragments by fluorescent-

labeled primer pairs used under quantitative conditions, as defined by Charbonnier et al. 
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(2000). After the screening of twenty-two Brazilian patients with brain calcifications for 

SLC20A2 exons' deletions and duplications by QMPSF, only one patient was positive 

for  a partial copy number variation, showing a duplication of the terminal exon 11 

(Figure 2).  

 This patient is 31 years old, male, has hipovitaminosis D and 

hyperparathyroidism. Since hyperparathyroidism is a known cause of brain 

calcifications according to Manyam (2005), the basal ganglia calcification observed in 

this case could be secondary to this condition. Therefore, this is probably not a PBC 

case.  

 Exon duplications in genes related to neurogenerative diseases have been 

reported, such as SNCA exons 3 and 4 for Parkinson's disease reported by Ibáñez et al. 

(2004), and  APP exons 1, 7 and 18 for autosomal dominant early-onset Alzheimer 

disease as reported by Rovelet-Lecrux et al. (2006). Considering that the duplication is 

disrupting the gene and consequently affecting negatively its function, the gene 

breaking point was searched. The first step was to better estimate the extension of this 

duplication, and a second QMPSF reaction was designed. Three target regions near 

SLC20A2 exon 11 were added: VDAC3, the gene nearest to SLC20A2 exon 11; VDAC3 

and SLC20A2 intergenic region; and SLC20A2 intron 10 (located between exons 10 and 

11). Again, only SLC20A2 exon 11 was duplicated (Figure 3). This narrowed the 

searching area to a 5kb region between SLC20A2 intron 10 amplicon and exon 11.  

 Assuming that the duplication is in tandem and inverted, new sequencing 

primers were designed, all in the foward sense.  They were used in different 

combinations to perform PCR in DNA samples from both the patient and a control. 

Hypothetically, the PCR would only work for breaking point region, because then one 

primer would anneal to the inverted sequence and play the role of a reverse primer. 

Although PCR agarose gel bands exclusive for the patient have been obtained, their 

sequencing was inconclusive.   

 Recently, we extracted DNA from new blood samples not only from this patient 

but also from his parents. A second SLC20A2 QMPSF screening in this new DNA 

samples will permit to confirm the duplication in the patient and to verify whether it is 

segregating in the family. 

 

Figure 2. QMPSF electropherogram profile for SLC20A2 gene in a patient with exon 11 duplication. The 

profiles are shown in red for the patient and in blue for the control DNA. 
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Source: The Author (2016) 

 

Figure 3. QMPSF electropherogram profile specific for the investigation of SLC20A2 exon 11 

duplication. In this case, the control gene utilized was DCOHM. The profiles are shown in red for the 

patient and in blue for the control DNA. 

 

Source: The Author (2016) 
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Table 1. Coding variants of PBC associated and candidate genes detected by Sanger Sequencing in 

Brazilian patients. The global minor allele frequency (MAF) was obtained from dbSNP online database; 

the total of alleles' sequences is shown in parenthesis. The Local Frequency shows the number of patients 

bearing the variant in relation to the number of patients screened for a given gene. 

Gene  Variants
a
 Exon Bioinformatic 

Prediction 

MAF  Local 

Frequency 

SLC20A2 

 

c.345G>A       

p.T115    

rs34124953 

3 Controversial
b
  0.5% 

(26) 

1/15 

 c.910G>A 

p.Gly304Ser 

rs73675069 

7 No effect 5.2% 

(261) 

1/15 

 c.1158C>G 

p.Tyr386* 

8 Disease causing N/A
c
 1/15 

XPR1 c.408T>C    

p.Ser136 

rs12078050 

4 No effect 5.1% 

(258) 

1/8 

 c.1128A>G 

p.Lys376 

rs35706835 

9 No effect 1.3% 

(65) 

1/8 

 c.1158C>T 

p.Phe386 

rs61742073 

10 No effect 5.1% 

(258) 

1/8 

PDGFRB c.85A>T   

p.Ile29Phe  

rs17110944 

3 No effect 9.8% 

(491) 

1/14 

 c.1033C>T  

p.Pro345Ser  

rs2229558 

7 No effect 45.7% 

(496) 

1/14 

 c.1149G>C 

p.Leu383  

rs2228439 

8 Controversial
b
 0.5% 

(24) 

1/14 

 c.1453G>A  

p.Glu485Lys 

rs41287110 

10 No effect 1.1% 

(54) 

3/14 

 c.1391C>T 

p.Thr464Met 

rs74943037 

10 No effect 2.8% 

(138) 

1/14 

 
a
 RefSeq: NM_006749.4 and NP_006740.1 (SLC20A2), NM_004736.3 and NP_004727.2 (XPR1), 

NM_002609.3 and NP_002600.1 (PDGFRB).  
b
 Considered disease causing only by MutationTaster2. 

c
 N/A: Not available.  
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Table 1. (Continuation). 

 

Gene  Variants
a
 Exon Bioinformatic 

Prediction 

MAF  Local 

Frequency 

PDGFRB 

 

c.1854G>A 

p.Thr618 

rs56072663 

13 No effect 1.8% 

(92) 

1/14 

 c.2601A>G 

p.Leu867    

rs246395 

19 No effect 23.6% 

(1184) 

10/14 

 c.3090C>T 

p.Pro1030 

rs2228440 

22 No effect 6.2% 

(310) 

3/14 

 c.3252A>G 

p.Pro1084   

rs246388 

23 No effect 28.3% 

(1429) 

11/14 

 c.3270G>A  

p.Pro1090 

rs183852315 

23 No effect N/A
c
 1/14 

PDGFRA c.201C>T      

p.Ser67   

rs35805947 

3 No effect 0.3% 

(14) 

1/14 

 c.612T>C      

Asn204     

rs2229307 

4 No effect 23.6% 

(1183) 

3/14 

 c.939T>G   

p.Gly313    

rs4358459 

7 No effect 23.4% 

(1173) 

4/14 

 c.1432T>C  

p.Ser478Pro   

rs35597368 

10 No effect 19.9% 

(998) 

3/14 

 c.1701A>G  

p.Pro567   

rs1873778 

12 No effect 4.2% 

(212) 

2/14 

 c.1809G>A   

p.Ala603   

rs10028020 

13 No effect 22.8% 

(1142) 

2/14 

 c.2472C>T   

p.Val824   

rs2228230 

18 No effect 24.0% 

(1204) 

2/14 

a
 RefSeq: NM_002609.3 and NP_002600.1 (PDGFRB),  NM_006206.4 and NP_006197.1 (PDGFRA) 
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Table 1.  (Continuation) . 

Gene  Variants
a
 Exon Bioinformatic 

Prediction 

MAF  Local 

Frequency 

PDGFRA 

 

c.3222T>C  

p.Asp1074   

rs7685117 

23 No effect  0.3% 

(14) 

2/14 

PDGFA c.207T>C      

p.His69     

rs1129401 

3 No effect 24.8% 

(1244) 

2/14 

PDGFC c.1032A>G    

p.Gly344   

rs3815861 

7 No effect 18.1% 

(394) 

5/14 

PDGFD c.568A>G   

p.Ile190Val    

rs35045740 

4 No effect 3.3% 

(165) 

1/14 

 c.1080T>G    

p.Cys360    

rs10791649 

7 No effect 46.1% 

(2311) 

8/14 

 c.1081G>A   

p.Asp361Asn     

rs146343067 

7 Disease causing N/A
c
 1/14 

 
a
 RefSeq: NP_006197.1 (PDGFRA), NM_002607.5 and NP_002598.4 (PDGFA), NM_016205.2 and 

NP_057289.1 (PDGFC), NM_025208.4 and NP_079484.1 (PDGFD) 
c
 N/A: Not available 

Source: The Author (2016). 
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6. CONCLUSIONS 

PBC is a rare disease, often silent during its early stages, with heterogeneous 

signals and symptoms which hinders its diagnosis. Non-invasive and highly sensitive 

techniques, such as the utilized in this thesis, will permit an earlier diagnosis at least for 

familial cases. 

The nonsense variant found in SLC20A2 exon 8 was the first de novo mutation 

described for this gene. Together the two other French cases in the same position, it not 

only reinforces the role of this gene but also shows the importance of this exon for PBC 

onset and diagnosis. 

Partial CNVs, even deletions or duplications of only one exon, also plays a 

causative role in PBC. Techniques efficient in their detection should be included in the 

initial steps of standard screening for PBC genetic variants along with Sanger 

sequencing of candidate genes' coding region.  

One of these techniques is the QMPSF reaction  designed here for SLC20A2, 

whose have been successful in screening deletions and duplications in multiplex. Thus, 

it is now possible to screen all SLC20A2 exons simultaneously in one QMPSF reaction. 

The design of QMPSF reactions for the other PBC-genes might contribute to achieve a 

more time and cost efficient diagnosis. 

The analyses performed in this thesis shows the relevance of both the search of 

new candidate genes and the screening of already associated genes. Therefore, 

investments in both fronts will aid a better comprehension of  PBC manisfestation.  
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